r In human sperm, proton flux across the membrane is controlled by the voltage-gated proton channel Hv1.
Introduction
Protons (H + ) are ubiquitous cellular messengers and their intracellular concentration (pH i ) is regulated by intracellular buffers, active and passive proton transporters, and proton channels. In a variety of cell types, the voltage-gated proton channel Hv1 has been implicated in important physiological functions, including proton extrusion in lung epithelial cells (Iovannisci et al. 2010) , regulation of pH homeostasis in phytoplankton (Taylor et al. 2011) , B-lymphocyte signalling (Capasso et al. 2010) , regulation of reactive oxygen production in immune cells (Henderson et al. 1987; Ramsey et al. 2009; El Chemaly et al. 2010) , and maturation of human sperm (Lishko et al. 2010) . Moreover, enhanced proton currents are associated with impaired recovery from ischaemic brain damage , a lower survival rate in patients suffering from breast cancer (Wang et al. 2012) , and malignant B-lymphocytes (Hondares et al. 2014) .
The Hv1 proton channel belongs to the superfamily of voltage-gated cation channels (Ramsey et al. 2006; Sasaki et al. 2006) . Hv1 has been identified in various species across phyla, ranging from protists (Taylor et al. 2011) , to tunicates (Sasaki et al. 2006) , and to vertebrates (Ramsey et al. 2006) . In 'classical' tetrameric voltage-gated cation channels, such as voltage-gated K + , Na + , and Ca 2+ channels, each subunit usually harbours six transmembrane segments (S1-S6) that fold into a voltage-sensing domain (VSD) and a pore domain (PD). The VSD and the PD encompass transmembrane segments S1-S4 and S5-S6, respectively. By contrast, Hv1 harbours a prototypical VSD domain but lacks a genuine PD. Reconstituted Hv1 protein is functional, demonstrating that the VSD encompasses the pore (Lee et al. 2008) ; two amino acid residues have been identified that affect proton selectivity, which provided clues about the proton permeation pathway (Berger and Isacoff 2011; Musset et al. 2011) . Hv1 forms dimers (Koch et al. 2008; Lee et al. 2008; Tombola et al. 2008) and each subunit contains its own pore (Tombola et al. 2008) .
Unlike any other member of that channel superfamily, activation of Hv1 depends in a characteristic fashion on the membrane voltage (V m ) and the pH difference ( pH = pH o -pH i ) across the membrane (Cherny et al. 1995) : at pH = 0, Hv1 commences to open at +10 to +30 mV, whereas, at pH > 0 and < 0, the activation curve is shifted by ß40 mV/ pH unit to more negative and positive potentials, respectively. However, changes in pH i and pH o that leave pH constant do not affect the voltage dependence of activation (Cherny et al. 1995) . Thus, Hv1 senses pH rather than pH i or pH o itself. Consequently, Hv1 opens only at V m values positive to the Nernst potential for protons, i.e. Hv1 carries only proton outward currents. In functional terms, the control of Hv1 by this unique coupling between pH and V m represents a mechanism for curtailing excessive cytosolic acidification, e.g. during production of reactive oxygen species in macrophages (El Chemaly et al. 2010) . However, the mechanisms underlying pH sensing and its coupling to voltage activation are unknown.
Here, we show that human sperm harbour an N-terminally cleaved Hv1 isoform, termed Hv1Sper. Hv1Sper is controlled not only by pH, but also by pH itself. Thus, Hv1Sper senses both pH and pH. Hv1Sper and Hv1 form heterodimers whose gating properties are different from those of the respective homodimers. The pH-dependent gating of Hv1Sper and Hv1Sper/Hv1 heterodimers might be a specialization of the channel to cope with the ever changing environments that sperm encounter during their journey across the female reproductive tract.
Methods

Ethical approval
The studies involving human material were performed in agreement with the standards set by the Declaration of Helsinki. Samples of human semen were obtained from healthy volunteers with their prior written consent. Approval of the ethic committee of the medical association Westfalen-Lippe and the medical faculty of the University of Münster: 4INie. Human lung epithelium was provided by Professor H. Schorle (University Hospital Bonn, Germany). Approval of the ethic committee of medical faculty of the University of Bonn: 036/08. Human testis lysates were provided by Professor R. Middendorff (University of Gießen, Germany). Approval of the ethic committee of the medical association Hamburg: OB.89. Ejaculated boar sperm were purchased from the GFS-Genossenschaft zur Förderung der Schweinehaltung eG (Ascheberg, Germany). Mouse epididymis were obtained from C57Bl/6N mice that were anaesthetized with isoflurane (Abbvie Deutschland, Ludwigshafen, Germany) and killed by cervical dislocation according to the German law of animal protection and the district veterinary office. Xenopus laevis frog oocytes were provided by C. Volk (Bonn-Rhein-Sieg University of Applied Sciences, Sankt Augustin, Germany) or purchased from Ecocyte (Castrop-Rauxel, Germany).
Sample preparation
Ejaculates were liquefied at room temperature (RT) for 30-60 min. Motile sperm were purified by 'swim-up' in human tubular fluid (HTF) containing (in mM): 97.8 NaCl, 4.7 KCl, 0.2 MgSO 4 , 0.37 KH 2 PO 4 , 2 CaCl 2 , 0.33 Na-pyruvate, 21.4 Na-lactic acid, 2.8 glucose and 21 HEPES, adjusted to pH 7.35 with NaOH. Motile sperm were washed twice with HTF by centrifugation (20 min at 700 g at RT). Sperm number was determined in a Neubauer cell counter. For electrophysiological recordings, human serum albumin (HSA, 3 mg ml -1 ; Irvine Scientific, Santa Ana, CA, USA) was added after washing. For capacitation, sperm were incubated in HTF containing 25 mM HCO 3 − and HSA for ࣙ2 h (Brenker et al. 2012) . For a subset of experiments ( Fig. 3G and H) , sperm subpopulations were separated. Accordingly, ß1.5 ml of ejaculate was layered on top of a density gradient of two liquid phases (PureSperm, Nidacon, Mölndal, Sweden) and centrifuged in accordance with the manufacturer's instructions. Highly motile sperm settled in the bottom fraction (200 μl) and in the pellet. Motile sperm were collected from the lower liquid phase (ß1 ml). Immotile sperm were collected from the interface between lower and upper liquid phase (ß800 μl). Mouse sperm were prepared from the epididymis by incision of the cauda followed by swim-out (15-30 min at 37°C) in (mM): 135 NaCl, 4.8 KCl, 2 CaCl 2 , 1.2 KH 2 PO 4 , 1 MgSO 4 , 5.6 glucose, 0.5 Na-pyruvate, 10 L-lactate, and 10 HEPES, pH 7.4 with HCl.
Protein purification
Proteins were purified from human sperm either directly after swim-up or after thawing of swim-up sperm pellets stored at -80°C. Whole-sperm proteins (Figs 1A and B, 2, 3A, E, and F, and 4C) were prepared by lysis of sperm in buffer A (in mM: 10 HEPES, 2 EGTA and 1 dithiothreitol, pH 7.4, with NaOH; 1 × 10 7 sperm/100 μl). After incubation on ice for 10 min, the samples were sonicated (three times for 30 s; Sonifier 450; Branson, Danbury, CT, USA) and triturated with a 22 G syringe needle. Subsequently, 10 x PBS (1 x PBS containing in mM: 130 NaCl, 7 Na 2 HPO 4 , and 3 NaH 2 PO 4 , adjusted to pH 7.4) was added to produce an isotonic solution. For SDS-PAGE analysis, the sample was supplemented with 4 x SDS loading buffer (200 mM TRIS, 8% SDS, 50% glycerol, 4% ß-mercaptoethanol, 0.04% bromophenol blue, pH 6.8, with HCl). Membrane proteins from sperm (Figs 3C and G, 4D and 6B) were prepared by suspending the sperm in buffer B (in mM: 100 NaCl, 25 HEPES, pH 7.5, with NaOH; 1-3 × 10 7 sperm/50 μl). The samples were sonicated (three times for 30 s) and supplemented with 0.5% SDS (10 min tumbling at 4°C). Subsequently, the samples were centrifuged at 186 000 g at 4°C for 15 min. The supernatant was collected and cross-linked (see below) or directly supplemented with 4 x SDS loading buffer.
Human embryonic kidney (HEK) 293 cells were washed in PBS, pelleted by centrifugation (10 000 g for 5 min), lysed with lysis buffer A, and triturated with a syringe. Cells were incubated for 15 min on ice to allow hypotonic lysis. The cell suspension was centrifuged (100 000 g for 30 min) to separate the membrane from the soluble protein fraction. The supernatant was discarded and the pellet was resuspended in 0.5 ml of PBS with 2 μl of mammalian protease inhibitor cocktail (mPIC). The protein concentration was determined using the Pierce BCA assay (Thermo Fisher Scientific Inc., Waltham, MA, USA). For SDS-PAGE analysis, 80 μl of 4 x SDS loading buffer was added.
Frog oocytes (20-40) were mechanically devitellinated under a stereoscope, washed twice with 1 ml of PBS, and homogenized in 1 ml of oocyte lysis buffer (in mM: 50 Na-phosphate, 150 NaCl and 10 KCl, pH 7.2, with NaOH) with 10 μl of mPIC by triturating with a 20 G needle, followed by a 27 G needle. The homogenized sample was centrifuged twice at 300 g for 10 min to remove the egg yolk. The cell suspension was then centrifuged (186 000 g for 30 min) and the pellet was stored at -80°C. If not noted otherwise, samples were maintained at 4°C during preparation.
Western blotting
The samples were subjected to SDS-PAGE using 3-5% stacking gel and 12.5% separation gel, transferred onto polyvinylidene fluoride membrane, and probed with anti-Hv1 anti-FLAG, or anti-haemagglutinin A (HA) antibodies. The polyclonal antibody against the C-terminus of Hv1 (amino acids 248-262) was generated by Peptide Specialty Laboratories (Heidelberg, Germany). The anti-FLAG and anti-HA antibodies were purchased from Roche (Basel, Switzerland).
Generation of Hv1Sper-HA from heterologous Hv1-HA
To test whether Hv1Sper is generated from full-length Hv1 protein by a sperm protease, heterologous Hv1, tagged at its C-terminus with the HA-tag, was incubated with whole sperm lysate. Sperm proteins were prepared as described above. 10 μg of heterologous Hv1-HA was incubated with whole-sperm protein from 3 × 10 6 sperm (unless otherwise specified) in 200 μl of buffer A at 4°C for 1 h. Subsequently, the sample was centrifuged (10 000 g at 4°C for 10 min) and resuspended in sample buffer.
Chemical cross-linking
Heterologously expressed Hv1-FLAG and Hv1Sper-HA were prepared from frog oocytes as described above and cross-linked by incubation in buffer B including 300 μM CuSO 4 and 900 μM phenanthroline at RT for 1 h. The reaction was quenched using 7 mM EDTA and 2.8 mM N-ethylmaleimide (final concentration). Sperm-membrane proteins from human and boar were prepared as described above and cross-linked using the same cross-linker concentrations.
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Mass spectrometry (MS)
Following SDS-PAGE, protein bands were stained with Coomassie blue and cut from the gel; slices were destained and cut into small pieces (ß1 mm 2 ). After tryptic protein digestion, liquid chromatography and tandem-MS analysis were performed as described previously (Strünker et al. 2006) .
DNA constructs and expression in HEK293 cells and Xenopus oocytes
DNA constructs were cloned and sequenced using standard techniques. Hv1 (accession number AAH32672) tagged at its C-terminus with an HA-tag was subcloned into the pcDNA3.1 vector. HEK293 cells were transfected using the Ca 2+ -phosphate method. Expression of Hv1 with a C-terminal FLAG-tag, and of Hv1-68 (i.e. Hv1Sper) with a C-terminal HA tag in X. laevis oocytes was achieved with the pGEMHE vector. Tandem constructs of Hv1Sper and Hv1 contained a 17 amino acid linker (GGSGGSGGSGGSGGSGG) (Tombola et al. 2008) . The vector was linearized with Nhe1 and transcribed using the T7 mMessage mMachine kit (Ambion, Austin, TX, USA). Xenopus oocytes were injected with 50 nl of RNA (0.25-1.25 μg μl -1 ) and incubated at 14-16°C for 1-5 days in ND96 medium containing (in mM): 96 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 HEPES, 5 Na-pyruvate, and 100 mg l -1 gentamicin, adjusted to pH 7.5 with NaOH.
Electrophysiological recordings and data analysis
Oocytes were mechanically devitellinated under a stereoscope and placed in a recording chamber under an inverted IX71 microscope (Olympus, Tokyo, Japan) equipped with a 20x objective. Patch electrodes were pulled from borosilicate glass capillaries (Hilgenberg, Malsfeld, Germany) on a DMZ puller (Zeitz Instruments GmbH, Martinsried, Germany) and fire polished with a Narishige MF-830 microforge (Narishige, Tokyo, Japan), resulting in an initial electrode resistance of 0.7-1.5 M (10-20 μm inner tip diameter). Excised macropatches in the inside-out configuration were obtained within seconds to minutes. Holding potentials were -60 mV or -80 mV. Recordings were performed at room temperature (22-25°C) with an Axopatch 200B amplifier (Molecular Devices, Union City, CA, USA), connected via a Digidata 1440A acquisition board to pClamp 10 (Molecular Devices). Data were filtered at 2 or 5 kHz and the sampling rate was 10 kHz. Pipette (extracellular) and bath (intracellular) solutions contained (in mM): 100 HEPES, 30 methanesulphonic acid, 5 tetraethylammonium chloride, and 5 EGTA, adjusted to pH 7 with TEA hydroxide (>25 mM). HEPES was replaced by TRIS and 2-(N-morpholino) ethanesulfonic acid (MES) for solutions adjusted to pH 8 and 6, respectively. Data were analysed with Igor Pro (Wavemetrics, Portland, OR, USA). Tail currents for conductance-voltage relationship (GV) recording were measured 5-25 ms after the end of the depolarizing voltage step. GVs were fitted with a single Boltzmann function. For electrophysiological recordings of human sperm, cover slips (diameter 5 mm, thickness #1) were coated with poly-L-lysine and immersed in standard extracellular solution (HS), containing (in mM): 135 NaCl, 5 KCl, 1 MgSO 4 , 2 CaCl 2 , 5 glucose, 1 Na-pyruvate, 10 lactose, and 20 HEPES, adjusted to pH 7.4 with NaOH. Sperm in HTF solution were carefully pipetted onto a cover slip and allowed to settle for approximately 3 min. The cover slip was transferred to the recording chamber under an inverted microscope (IX71) equipped with a 60x NA 1.2 objective (UPLANSAPO; Olympus). Sperm currents were recorded under voltage clamp in the whole-cell configuration (Strünker et al. 2011) . Seals between the patch pipette (initial resistance of 20-30 M ) and the sperm cytoplasmic droplet were formed in HS solution. Extra-and intracellular recording solutions lacked alkali metal ions but contained high pH-buffer concentrations (in mM): 135 N-methyl-D-glucamine, 5 EGTA, and 100 HEPES or MES, adjusted with methanesulphonic acid to pH 7 or 6, respectively. Chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) or Thermo Fisher Scientific Inc.
Results
Human sperm contain full-length Hv1 and a shorter Hv1 variant
Human sperm express the voltage-gated proton channel Hv1 (Lishko et al. 2010) . To study Hv1 in sperm, we raised a polyclonal antibody directed against the C-terminus of Hv1 (Fig. 1C) . The specificity of the anti-Hv1 antibody was tested on heterologously expressed Hv1, tagged at the C-terminus with HA. In western blots of Hv1-HA-transfected HEK293 cells, but not of control cells, an anti-HA and the anti-Hv1 antibody labelled a polypeptide with an apparent molecular weight (M w ) of ß35 kDa (Fig. 1A ) (Ramsey et al. 2006) . Omitting the HA-tag lowered the M w of the protein detected by the anti-Hv1 antibody by ß1 kDa (Fig. 1A) , consistent with the M w of the tag (1.1 kDa). The difference between apparent (34 kDa) and predicted M w (31.7 kDa) might be accounted for by an intrinsically disordered region (IDR) (amino acids 54-86) in the N-terminal region of Hv1; IDRs tend to increase the apparent M w of proteins (Batra-Safferling et al. 2006) . In human sperm, the anti-Hv1 antibody detected two bands of approximately 35 and 25 kDa (Fig. 1B) , suggesting that sperm harbour Hv1 and a shorter Hv1 variant. To scrutinize this result, we performed protein mass spectrometry. Proteotypic peptides of Hv1 were present in both bands. In the 25 kDa band, we identified a peptide of the N-terminus (amino acids 69-83) and another of the C-terminus (amino acids 265-273) (Fig. 1C) , confirming that the 25 kDa band represents a short Hv1 variant. We named this short variant Hv1Sper. In a human monocyte cell line and in human lung epithelium, the anti-Hv1 antibody detected full-length Hv1, but not Hv1Sper, suggesting that this (Fig. 1B) . B, Hv1-HA constructs in which the first 67 (Hv1-67) or 68 amino acids (Hv1-68) were replaced by an N-terminal segment of a CNGA2 channel (His-N-rCNGA2) . C, western blot of HEK cells, alone (-) or mixed with sperm (+), expressing Hv1-HA or the CNGA2-Hv1-HA construct, probed with the anti-HA antibody. D, western blot of oocytes expressing Hv1 or Hv1-68 and of human sperm, probed with the C-terminal anti-Hv1 antibody. E, sequence alignment of the N-terminal cleavage site (highlighted in grey) among six mammalian species (human, macaque, boar, bull, mouse, rat; non-conserved amino acids in red). F, western blot of boar and mouse sperm, probed with the C-terminal anti-Hv1 antibody.
short Hv1 form is not commonly expressed and might be specific for sperm (Fig. 1D ).
Hv1 is post-translationally cleaved by a serine protease
Hv1Sper might result from alternative splicing. In the NCBI database, one splice variant of human Hv1 is reported that gives rise to a shorter channel (accession number NP 001243342) (Hondares et al. 2014) . This variant lacks the first 20 amino acid residues (calculated M w of 29.4 kDa). Hv1Sper is noticeably shorter and lacks ࣙ60 amino acid residues. Therefore, we tested whether in sperm, Hv1Sper results from post-translational proteolytic cleavage of Hv1. We tested this possibility, surmising that the sperm proteases cleave not only native Hv1, but also heterologously expressed Hv1. To this end, lysates of HEK293 cells expressing full-length Hv1-HA were incubated with human sperm lysate ( Fig. 2A) . In the sperm/HEK cell mix, the anti-HA antibody detected the 35-kDa band but also an additional 26-kDa band, corresponding to cleaved Hv1-HA (i.e. Hv1Sper-HA). With an increasing sperm/HEK cell ratio, the Hv1Sper-HA/Hv1-HA intensity ratio increased from 0.02 up to ß0.3 (Fig. 2B) . Furthermore, high concentrations of the mammalian protease-inhibitor cocktail mPIC and the specific serine-protease inhibitor AEBSF prevented the generation of Hv1Sper-HA ( Fig. 2C) , whereas the cysteine-protease inhibitor E64 had no effect. We conclude that Hv1Sper results from post-translational cleavage of Hv1 by a serine protease. Hv1Sper might be generated during lysis of sperm. To confirm that Hv1Sper exists in intact sperm, we prepared lysates of sperm in the absence and presence of increasing AEBSF concentrations. The Hv1Sper/Hv1 ratio slightly decreased with increasing AEBSF concentrations ( Fig. 3A and B) , indicating that only a small fraction of Hv1 is cleaved upon sperm lysis. For AEBSF ࣙ3 mM, the Hv1Sper/Hv1 ratio became constant, reflecting the relative abundance of the two isoforms in intact sperm. Of note, the Hv1Sper/Hv1 ratio varied considerably among donors (Fig. 3E) .
During capacitation, a maturation process of sperm, proton currents in human sperm are enhanced (Lishko et al. 2010) by an unknown mechanism. We tested whether this mechanism involves production of Hv1Sper. However, the Hv1Sper/Hv1 ratio was similar in uncapacitated and capacitated sperm ( Fig. 3C and D) . Furthermore, we identified Hv1Sper also in human testis lysates (Fig. 3F ), indicating that Hv1Sper is produced during spermatogenesis. When populations of ejaculated sperm were separated by density gradient centrifugation, Hv1Sper was enriched in highly motile sperm compared to motile and immotile sperm ( Fig. 3G and H) , suggesting that Hv1Sper might be required for sperm motility.
Hv1 is N-terminally cleaved between position R68 and A69
Hv1Sper might result from proteolytic cleavage of Hv1 in the C-or N-terminal region, which are both located intracellularly. However, two independent findings exclude a C-terminal cleavage: MS analysis of the 25 kDa Hv1Sper band identified a tryptic peptide of the very C-terminus, (Fig. 1C) and the antibody that recognizes both Hv1 and Hv1Sper is directed against the C-terminus. Therefore, we suspected that Hv1 is cleaved at the N-terminal IDR that ranges from amino acid E54 to L86. IDRs lack secondary structure and expose proteolytic cleavage sites (Linding et al. 2003; Dyson and Wright 2005) . MS analysis of Hv1Sper identified the N-terminal peptide A69-R83 ( Fig. 4A) , indicating that Hv1 is cleaved within the IDR upstream of A69. Trypsin-like serine proteases cleave peptide bonds following a positively-charged amino acid. Indeed, one potential cleavage site is between R68 and A69; cleavage at this site would result in a protein with an expected M w of 23.7 kDa, compatible with the apparent M w (25 kDa) of Hv1Sper.
To identify the cleavage site, we replaced the N-terminus of Hv1-HA before or after the presumed cleavage site R68-A69 by the N-terminus of a cyclic nucleotide-gated (CNGA2) channel (Fig. 4B) and incubated the CNGA2-Hv1-HA fusion constructs with sperm lysate; the CNGA2 domain served to enhance the M w of the constructs, ensuring a readily detectable mass shift upon their cleavage. Constructs that contained R68-A69 (CNGA2-Hv1-67-HA) yielded Hv1Sper-HA, as indicated by a 25 kDa band, whereas constructs that lacked R68-A69 (CNGA2-Hv1-68-HA) did not yield Hv1Sper-HA (Fig. 4C) . Moreover, the M w of heterologously expressed Hv1-68 and native Hv1Sper were identical (Fig. 4D) . Altogether, we conclude that A69 is the first amino acid residue of Hv1Sper. The R68 cleavage site and the expression of Hv1 and Hv1Sper in sperm is conserved in some but not all mammalian species (Fig. 4E) : boar sperm harbour both Hv1 and Hv1Sper (Fig. 4F) , whereas mouse sperm do not express the channel at all (Fig. 4F) (Lishko et al. 2010) . Mouse Hv1 lacks the cleavage site (position 68 is an asparagine) (Fig. 4E) . Therefore, it would be interesting to study whether the expression of Hv1 in sperm correlates with the conservation of R68 in other species.
The pH control of Hv1Sper is altered
We studied the electrophysiological properties of Hv1Sper (Hv1-68) and Hv1 by heterologous expression in X. laevis frog oocytes. Currents were recorded from excised patches in the voltage clamp mode. At an intra-and extracellular pH of 6 ( pH = 0), activation kinetics and voltage of half-maximal activation (V 1/2 ) of Hv1 and Hv1Sper were rather similar (Fig. 5A-D and Table 1 ). However, an increase of pH i and pH o leaving pH = 0, shifted the V 1/2 of Hv1Sper by -22 mV/pH unit ( Fig. 5B and C) , whereas the V 1/2 of Hv1 was shifted only by -5 mV/pH unit. Moreover, the pH increase strongly accelerated the activation kinetics of Hv1Sper, whereas activation of Hv1 was decelerated ( log(τ act )/pH unit = -0.9 vs. +0.7; at +100 mV) (Fig. 5A and D) . However, the pH dependence of the slopes of the GVs was similar in Hv1 and Hv1Sper (Table 1) . Thus, the N-terminal cleavage renders Hv1Sper sensitive to the pH itself on both sides of the membrane. We tested whether the sensitivity of Hv1Sper to pH itself compromised the sensitivity to pH changes on either side of the membrane (i.e. pH sensing) (Fig. 5E ). Similar to Hv1 (Cherny et al. 2015) , pH sensing in Hv1Sper appears to saturate at alkaline pH: at both extracellular and intracellular pH 8, the V 1/2 shifted only by ß20 mV/pH unit (Fig. 5E) . At an intracellular pH of 6 and 7, changes in pH o shifted the V 1/2 of Hv1Sper by ß45 mV/pH unit. However, at an extracellular pH of 6 and 7, changes in pH i shifted the V 1/2 by only 15 and 30 mV/pH unit, respectively (Fig. 5E) . This indicates that, in Hv1Sper, the sensing of changes in pH i , but not that of pH o , is compromised. Altogether, we conclude that the N-terminus is involved but not required for pH sensing in Hv1. Instead, the presence or absence of the N-terminus determines whether the channel senses pH only or both pH and pH itself. Notably, as a result of the dual control by both pH and pH, Hv1Sper conducts inward proton currents within a small, yet physiologically significant range of V m and pH values (Fig. 5F ). Thus, Hv1 can exclusively export protons and thereby alkalize sperm, whereas Hv1Sper might either alkalize or acidify sperm, depending on the electrochemical conditions.
Hv1Sper and Hv1 form heterodimers
Hv1 assembles as a dimer via a coiled-coil domain in the C-terminus (Lee et al. 2008) . By chemical cross-linking, we studied whether Hv1Sper forms homodimers and/or heterodimers with Hv1. Hv1 and Hv1Sper carry a cysteine at position C249 that allows for cross-linking using copper phenanthroline as oxidant (Lee et al. 2008) . FLAG-tagged Hv1 and HA-tagged Hv1Sper were expressed in Xenopus oocytes. Cross-link products were analysed by western blotting, using anti-FLAG and anti-HA antibodies. If Hv1Sper forms both homodimers and heterodimers with Hv1, three different dimeric cross-link species are expected: Hv1 homodimers, Hv1Sper homodimers, and Hv1/Hv1Sper heterodimers. Altogether, we expect five molecular species with an apparent M w of ß26 kDa (Hv1Sper monomer), 36 kDa (Hv1 monomer), 52 kDa (Hv1Sper homodimer), 62 kDa (Hv1Sper/Hv1 heterodimer), and 72 kDa (Hv1 homodimer). Hv1 and Hv1Sper monomers and homodimers are detected exclusively by the anti-FLAG and anti-HA antibody, respectively, whereas both antibodies detect Hv1Sper/Hv1 heterodimers. Indeed, these predictions were borne out by cross-linking experiments: five molecular species with an apparent M w of 25.5 kDa, 37 kDa, 51 kDa, 63 kDa, and 75 kDa were identified (Fig. 6A) ; the 63 kDa band was detected by both antibodies. In conclusion, Hv1 and Hv1Sper form homodimers and, when co-expressed, Hv1 and Hv1Sper form heterodimers.
We examined whether Hv1Sper/Hv1 heterodimers also exist in human and boar sperm. In boar sperm, even in the absence of the cross-linker and under non-reducing conditions, the antibody recognized both monomeric and J Physiol 595.5 Table 1 . Fit parameters for the GV relationships of different Hv1 constructs (mean ± SD)
kT/ze 0 (mV) n Hv1 6/6 52.4 ± 4.8 9 ± 2 4 7/7 55.1 ± 3.6 14.4 ± 0.9 6 8/8
42.2 ± 11 15.5 ± 1.6 7 Hv1Sper (Hv1-68) 6/6 45.1 ± 7.5 10 ± 1.2 3 7/7
21.4 ± 8.2 10 ± 2.4 11 8/8 0.9 ± 9.9 13.8 ± 1.9 10 Hv1Sper-Hv1 6/6 53.1 ± 9.3 10.8 ± 1.7 4 7/7 40 ± 12.2 13.9 ± 1.3 4 8/8
4.8 ± 5.5 12.7 ± 2.2 4 Hv1 + Hv1Sper 6/6 49.3 ± 4.6 10.8 ± 0.9 7 7/7 30.8 ± 3 14.5 ± 3.1 7 8/8
18.6 ± 12.8 16.8 ± 2.3 4
homodimeric Hv1 and Hv1Sper but no Hv1Sper/Hv1 heterodimer (M w 60 kDa). Upon cross-linking, the monomer and homodimer bands diminished and a smear of bands evolved at >35 kDa (Fig. 6B) . In human sperm, in the absence of the cross-linker, the antibody recognized monomeric Hv1 and Hv1Sper but no bands corresponding to the homodimers (Fig. 6B) ; instead, two faint bands at ß50 and 60 kDa were recognized. At any concentration and incubation time, cross-linking diminished Hv1 and Hv1Sper monomers and produced a smear of bands at >35 kDa. Altogether, whether Hv1Sper and Hv1 form heterodimers in sperm is unclear.
Hv1Sper-Hv1 tandem dimers display distinct pHand voltage dependence
In the Hv1 dimer, subunits gate co-operatively (Gonzalez et al. 2010; Tombola et al. 2010 ). Thus, we tested whether gating of Hv1Sper/Hv1 heterodimers differs from that of homodimers. To confirm a 1:1 ratio of Hv1Sper and Hv1 and to enforce heteromerization, we constructed an Hv1Sper-Hv1 tandem heterodimer; the channels were connected with a flexible 18 amino acid linker (Fig. 6C) . A similar construct assembled as a pseudo-dimer (Tombola et al. 2008) . The pH dependence of the Hv1Sper-Hv1 tandem was distinct from that of Hv1 and Hv1Sper homodimers ( Fig. 6D-F (Fig. 6F) . Thus, even in a heterodimer, in which one subunit lacks the N-terminus, gating is controlled both by pH and pH itself. However, the pH sensitivity is attenuated and kicks in at a more alkaline pH than in Hv1Sper homodimers. This finding highlights the interplay of subunits during gating and demonstrates that in a heterodimer, gating characteristics can be dominated by one of the subunits. Of note, co-expression of Hv1 and Hv1Sper at a 1:1 ratio yielded results similar to those of the tandem dimer (Table 1) . Finally, we studied proton currents in human sperm. At pH i = pH o = 6, we recorded sizeable proton currents. Outward currents commenced at V m = +30 mV (Fig. 7A) , ß20 mV more positive than currents carried by heterologous Hv1, Hv1Sper, . This difference of activation thresholds between native and heterologous Hv1 currents is a well-known, yet unexplained phenomenon (Musset et al. 2008) . At pH i = pH o = 7, current amplitudes were only 20% of those at pH i = pH o = 6, and, at pH > 7, currents were completely abolished (Fig. 7A, B) . This is probably a result of the low numbers of protons available in the small intracellular volume (i.e. flagellum 2.5 fl; head 62.5 fl). The large decrease of current amplitudes at pH > 6 paired with the more positive activation threshold of native Hv1 currents prevented us from determining the relative contribution of Hv1, Hv1Sper, and potential Hv1Sper-Hv1 heteromers to proton currents in sperm. We considered whether the contribution of Hv1 and Hv1Sper might instead be identified by pharmacology. However, both Zn 2+ and 2GBI (Ramsey et al. 2006; Hong et al. 2013) , two Hv1 inhibitors, also inhibit Hv1Sper (Fig 7B) . Thus, the available pharmacological tools are ill-suited for revealing the composition of proton currents in human sperm.
Discussion
In the present study, we show that human sperm harbour a Hv1 variant, Hv1Sper, that lacks the first 68 amino acids of the N-terminus as a result of proteolytic cleavage. Gating of Hv1 by voltage is intimately coupled to pH across the cell membrane. In Hv1Sper, the voltage-dependence of gating is modulated not only by pH, but also by changes in pH i and pH o that keep pH constant. This indicates that the first 68 amino acids of the N-terminus are not required for pH sensing but render Hv1 insensitive to the pH itself. This ensures that Hv1 carries only proton outward currents that alkalize the cell.
The V 1/2 of Hv1 shifts to more positive and negative potentials at pH i > pH o and pH i < pH o , respectively. The insensitivity of Hv1 to a simultaneous change of pH i and pH o that leave pH constant (referred to as change in pH itself) demonstrates that pH sensing involves more than a simple protonation/deprotonation of titratable residues. Hv1Sper lacks 68 amino acids of the N-terminus, which face the intracellular side. The attenuated sensitivity of Hv1Sper to pH i changes (Fig. 5E ) suggests that these amino acids are involved in pH i sensing; the imbalanced pH i vs. pH o sensing might underlie the control of Hv1Sper by pH itself. It also suggests that there are distinct intraand extracellular pH sensors. Nevertheless, the exact mechanisms and residues conveying pH sensitivity still remain elusive. Even an exhaustive mutagenesis study only identified mutants that diminish or enhance but do not abolish pH sensing (Ramsey et al. 2010) . It was proposed that the local proton concentration is coupled to the movement of the voltage sensor by electrostatic interaction of protonated water molecules in the central VSD crevice with voltage-sensing arginine residues in S4 (Ramsey et al. 2010) . However, cleavage of the entire N-terminus (amino acids 1-96, hHv1-N) evoked the most pronounced decrease in V 1/2 / pH unit. Altogether, these findings suggest that both pH and pH sensing is modulated by the N-terminus.
The N-terminus of Hv1 contains an IDR, indicating that part of the N-terminus is flexible. The N-terminus might interact in a pH-dependent manner with intracellular sites of the VSD and, thereby, determine the pH-control of gating. For example, Hv1Sper lacks a cluster of eight glutamates (amino acids 48-55) that in Hv1, might electrostatically interact with positively-charged, intracellular residues of S1, S4, and the S2-S3 loop. This interaction could affect the binding of protons to the S4 voltage sensor, rendering full-length Hv1 largely insensitive to changes in pH itself. Recently, we showed that S1 undergoes conformational changes concomitant with channel opening (Mony et al. 2015) . This suggests that S1 forms part of the gate and the N-terminus could restrict conformational changes of S1, altering channel gating. Supporting this notion, phosphorylation of T29 by protein kinase C (PKC) shifts the V 1/2 of Hv1 to more negative potentials, increases the maximal conductance and accelerates activation kinetics (Musset et al. 2008) . The Hv1 splice variant that lacks the first 20 amino acids is more strongly affected by T29 phosphorylation (Hondares et al. 2014) . Whether the gating of this isoform is also modulated by the pH itself is unknown.
Transient interactions between the N-terminus and transmembrane segments are common in other ion channels. In classical voltage-gated cation channels, a rapid inactivation mediated by the N-terminus blocks the channel in the open state ('ball-and-chain' mechanism) (Armstrong and Bezanilla, 1977) . In the voltage-sensing phosphatase, consisting of a VSD linked to an enzymatic phosphatase domain, the N-terminus undergoes pronounced voltage-dependent conformational changes that can be detected by Förster resonance energy transfer (Tsutsui et al. 2013) A, whole-cell patch clamp recording from human sperm at pH i = pH o = 6, 7, and 7.5. Voltage-dependent outward currents (top traces) evoked by voltage steps (bottom traces) of increasing amplitude (-80 to +100 mV, pH 6 and 7; -20 to +100 mV, pH 7.5). B, inhibition of outward currents in excised patches of X. laevis oocytes heterologously expressing Hv1 or Hv1Sper by extracellular Zn 2+ and intracellular 2GBI at pH i = pH o = 7. Currents were evoked by a voltage step from -80 mV to +80 mV (Zn 2+ : Hv1 99.7 ± 0.3% inhibition, n = 3; Hv1Sper 98.9 ± 1%, n = 4; 2GBI: Hv1 69.4 ± 3.7% inhibition, n = 3; Hv1Sper 74.2 ± 1.4%, n = 3). Error bars indicate the SD. J Physiol 595.5 energy transfer-based approach might be suited to study whether the N-terminus in Hv1 does indeed interact with the VSD in a pH-dependent manner.
In sperm, Hv1 has been proposed to serve as a key regulator of pH i and, thereby, sperm function and fertilization. In the oviduct, sperm undergo a maturation process, called capacitation (Austin, 1951; Chang, 1951; Visconti et al. 1995a; Visconti et al. 1995b) . The complex physiological mechanisms underlying capacitation are not well understood. Among other cellular events, the cytosol alkalizes and intracellular Ca 2+ levels increase, which changes the flagellar beat. In capacitated sperm, proton currents are enhanced and 1 mM Zn 2+ suppresses sperm capacitation, suggesting that Hv1 is involved in capacitation (Lishko et al. 2010) . Hv1 has also been implicated in sperm superoxide production (Musset et al. 2012) . During their journey across the male and female genital tract, sperm experience an ever-increasing pH o , ranging from around pH 6 in the epididymis up to pH 8.2 in the distal oviduct. A pH-evoked proton efflux via Hv1 has been proposed to couple pH o to changes in pH i and thereby intracellular Ca 2+ levels. As a result of the control by the pH itself, Hv1Sper might ensure a more sustained proton efflux from sperm over a certain range of pH o in the oviduct. However, under alkaline conditions, Hv1Sper activates negative to the Nernst potential for protons and might mediate a proton influx that acidifies the cell. Moreover, heterologously expressed Hv1 is gated by mechanical stimuli, (Pathak et al. 2016) . This suggests that in sperm, the channel can be activated by hydrodynamic sheer forces or collisions with the epithelium that lines the female genital tract. Functional studies are required to establish or refute the hypothesis that Hv1 and Hv1Sper control sperm function and also to unravel the specific role of Hv1Sper. Indeed, Hv1 and Hv1Sper might be involved in testicular spermatogenesis or epididymal sperm maturation rather than in the pH i control of mature sperm.
Cleavage of Hv1 is conserved in human and boar sperm. In mouse sperm, Hv1 is absent altogether (Lishko et al. 2010 ) and the R68 cleavage site is not conserved in mouse Hv1 (position 68 is an asparagine). It would be interesting to determine whether Hv1 expression in mammalian sperm is tied to the conservation of the cleavage site. Post-translational cleavage has been reported for several other channels in sperm flagella and also cilia. Cleaved isoforms of the Ca 2+ channels CatSper and the K + channel Slo3 were identified in mouse and human sperm, respectively (Brenker et al. 2014; Chung et al. 2014) . Moreover, sea urchin sperm harbour a cleaved K + -selective CNG channel (Bönigk et al. 2009 ) and, finally, the CNG channel of rod photoreceptors is post-translationally cleaved (Molday et al. 1991) . The physiological consequences of channel cleavages are unknown.
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